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Abstract. The adsorption of Malachite Green (MG) dye was well studied and elucidated from the liquid
phase using reduced Graphene Oxide (rGO) nano-adsorbent. The desired levels of the factors were
determined to be the amount of adsorbent of 0.2 g/L, pH of 8.5, the concentration of the dye as 100 mg/L
and the sonication time of 50 min by Central Composite Design (CCD). The removal of the dye was found
to be 95% at the optimum levels of the variables. Furthermore, the removal of the dye was higher at the
higher values of the amount of adsorbent and pH. Langmuir and Temkin models were observed significant
for rtGO-MG dye system. The values of Gibb's free energy, the entropy and the enthalpy were found to
be -10.502 KJ/mol, 34.314 KJ/mol and 0.147 KJ/mol.K, respectively. The kinetic data were also found
well fitted to pseudo second order kinetics model for the said system. Afterwards, the cost of the process
was found to be US$0.654/dm>. Therefore, the adsorption process effectively removed the dye from the
simulated aqueous phase using rGO nano-adsorbent.
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Introduction

The rapid decrease in the reservoirs of fresh drinking
water has made wastewater treatment a matter of global
concern. Textile, food and electroplating factories are
releasing toxic coloured effluents into the reservoirs
and thereby it is a principle environmental subject matter
to obviate contaminants from the aqueous phases. Textile
dyeing effluents having the mixture of various organic
and inorganic substances i.e dyes, bases, acids. These
effluents cause several severe diseases. They also causes
cancer in humans. Therefore, these effluents containing
noxious dyes must be pre-treated before discharging
(Robati et al., 2016; Fu et al., 2015; Gupta et al., 2013;
Shahid and Mohammad, 2013; Yu and Fugetsu, 2010).

MG dye is utilized as a dyestuff. It is used to colour
leather, paper and silk. It affects the aquatic ecosystem
(Schmidt et al., 2018; Wang ef al., 2016). The noxious
dye has been treated by using biological, coagulation,
adsorption, and photocatalytic processes etc (Wang
and Zhao, 2016; Gautam et al., 2015; Liu et al., 2014,
Suchithra ef al., 2012). Adsorption has been proved as
an effective, fast and simplest method. It also gives a
high removal efficiency of dyes (Kundakci ef al., 2011).

The current work is related to the removal of MG dye
using rGO nano-adsorbent. The adsorption of the dye
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is endothermic which is determined by the negative
value of Gibb’s free energy.

Materials and Methods

Materials. Graphite powder, KMnOs, 98% H,SO4, 30%
H,0,, 35% HCI, ethanol and ascorbic acids were of
analytical grade. Solutions were prepared using distilled
water.

Synthesis of reduced graphene oxide. Ascorbic acid
of 3 mg/mL was added to 20 mL portion of the suspen-
sion of graphene oxide (0.1 mg/mL). The suspension
was kept at 80 °C for 12 h. Ultrasonic irradiation of the
suspension was continued for 30 min and also stirred
throughout the process. Consequently, an aggregated
freely homogenous yield of GO was obtained. The
centrifugation of the product was carried out at 14,500
for half hr to get solid rGO. The substance was washed
with warmed water and also with ethanol to remove
by-products of the reaction. The product was centrifuged
again and the supernatant was obviated. Eventually, the
rGO yield was desiccated in a vacuum oven at 45 °C
(Karadag and Uziim, 2012).

Batch adsorption study. To perform batch adsorption
experiments, about 0.1 g of MG dye in 1000 mL of
distilled water was dissolved to prepare a stock solution.
The experimental trials were found by using CCD
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model. A 50 mL solution of the dye was taken into 100
mL flask and other factors were maintained according
to the designed runs. After the specified interval of time,
the samples were filtered and analyzed at a wavelength
of 618nm. The dye removal was computed by the
subsequent formula.

Co'

Removal(%) =

()

The initial dye concentration (mg/L) is C, and the
equilibrium concentration (mg/L) is Ce, respectively
(Vu et al., 2015). Dye adsorption capacity (qe) was
calculated during kinetics and isotherm study by using
the following equation and the volume of a solution is
V (L), the amount of adsorbent is W (g) (Namasivayam
and Kavitha,2002).

Response surface methodology (RSM). RSM is applied
to improve and optimize a process which is based on
mathematical and statistical techniques. In this work,
four factors were optimized based on CCD with five
levels. The purpose of the experimental design and
analysis was to select the optimum levels of the factors
to optimize the dye removal using rGO nano-adsorbent.
Data were analyzed using Minitab 17 software. The
dependent variable Yi is shown in response surface
analysis by second order mathematical model as follows:

4 4 4 4 2
Y = Bo + Zi=i Bi xi + Zisi Zj= By xi X + Zia Biixi 3

Bo is constant, f3; is the linear term, B is the interaction
coefficient, fj; is the quadratic term and Y; is percent
removal of dye (Shah ez al.,2017; Ghaedi et al., 2015).

Results and Discussions

Characterization of rGO. X-ray diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FTIR) and
Scanning Electron Microscopy (SEM) were utilized to
get the structural and morphological information
regarding rGO nano-substance. FTIR and SEM analysis
revealed the occurrence of microstructures on the textural
surface of the synthesized nano-adsorbents. The Fig.3,
4, 5 are showing spectroscopic images.

Influence of sonication time. The influence of soni-
cation time was studied ranging from 50 to 150 min on
the removal of MG dye. An optimum level of sonication
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was encountered 50 min. The influence of sonication
time with other factors on the obviation of MG dye is
graphed in Fig. 2.

Influence of pH. The removal efficiency of the
adsorption process was affected by the pH of the solution.
The adsorption of MG dye was greater in the basic
liquid phase which was owing to the attraction between
the dye molecules and the adsorption sites of an
adsorbent. The desired level of pH was observed 8.5
for an optimum removal of the dye. The interaction of
pH with other process variables on the removal of the
dye is shown in Fig. 2.

Influence of the amount of adsorbent. The amount
of adsorbent greatly changed the removal efficiency of
MG dye. At a high amount, it provided more adsorption
sites to the molecules and increased the obviation of
the dye. The dye removal was greater at the optimum
level of 0.2 g/L of the amount of the adsorbent. The
effect of the amount of the adsorbent is shown in
Fig. 2.

Influence of dye concentration. The desired level of
concentration of the dye was found as 100 mg/L. At
high levels of dye concentration, the elimination of the
dye was lower because the increased number of
molecules required more active sites for adsorption.
The impacts of the factor on the dye removal are plotted
in Fig. 2.

Adsorption kinetics study. In the adsorption process,
the value of parameters like adsorption capacity plays
a vital role in finding the amount of adsorbed that can
be removed by the unit mass of an adsorbent. The
surface area of an adsorbent also informs us about its
removal efficiency of an impurity. The high adsorption
capacity and providing high surface area by an adsorbent
not merely responsible for the rapid noxious dye removal
but also another feature like kinetics controls the
effectiveness of the process to clean dye from waste-
water. Therefore, the study constraints to find the kinetics
of the process (Shah et al., 2017; Gautam et al., 2014).
The pseudo-first order and second order kinetics are
formulated as:

In(qe-q)=Inqe-Kitoorininiiiies 4
t 1 t
— St 5
% deke Qe

eqt (mg/g) is the amount of dye adsorbed at time t and
ge (mg/g) is the amount of dye adsorbed at equilibrium,
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respectively (Gautam et al., 2013; Shahmiri et al., 2013).
The rate constant Kjq for the intra-particle diffusion
model is found by the subsequent equation:

Data of C intercept tell the thickness of the boundary
layer. If the line of plot between qt and t"? passes through
the origin then the rate-limiting step will be intra- particle
diffusion (Ghaedi et al., 2018; Shahmiri ef al., 2013).
The Elovich model is given as:

1 1
=—1Inab+—Int..ccoccceriviiiiiiinnen. 5
qt b b

whereas, a is the initial sorption rate mg/g/min and 1/b
is the extent of surface coverage (g/mg) (Vadivelan
and Kumar, 2005).
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The kinetic data are presented in Table 3 showing that
the adsorption of MG over rGO surface is obeying the
pseudo second order kinetics model.

Thermodynamics study. The thermodynamic para-
meters such as enthal]gy AHO), Gibb’s free energy change
AH and entropy (AS ) were analyzed by means of the
following equations:

AG =-RTINKC +..ooooooeeooooonn . 8
AG = AH =TAS oo 9

where:

Kc is the distribution constant for adsorption. The values
of thermodynamic parameters are tabulated in Table 1,
2. The negative values of AG are indicating the
spontaneous nature of MG adsorption onto the surface
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Table 1. Isotherm study

Isotherm model Parameters Temperature (K)

303 308 313
Freundlich n(mg/g) 2.6371 3.088 42087
Kf (g/L) 21635 251.087 32121
R? 0.9692  0.9523  0.9400
Langmuir qm (mg/g) 714 714 625
B (L/mg) 0.2456 0.3111  0.666
R? 0.9964 0.9965  0.9976
Temkin B,=RT/B 173.19  149.1 110.6
Kr(L/mg)  1.990  3.45 14.5
R? 0.9814 0.9701  0.9490

Table 2. Thermodynamics parameters
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of rGO at all temperatures. The adsorption of the dye
on the rGO surface is endothermic. It is confirmed from
the positive value of entropy. The nano-adsorbent is
reflecting affinity to MG dye. It is clear from the positive
value of entropy, reflecting increased entropy at the
solid-solution interface during the process (Liu and Liu,
2008).

Data analysis. The treatments with the response are
given in Table 4 and 5. The obtained regression equation
for the removal of MG dye is known as follow:

The percent removal of MG = -103.6+53.3B-0.099D-
50.1A+0.045C-2.912B%0.00052D*-31.8 A%-0.00058C*—
0.0113BxD + 2.73BxA-0.0434BxC+0.259DxA +
0.00127DXC+ 0.411 AXC ..ooviiiiiiiiee, 10

Table 5. Experimental runs with responses

Temperature (K) AG(KJ/mol) AH(KJ/mol) AS(KJ/mol.K)

303K -10.502 - -
308K -10.982 34.314 0.147
313K -12.0513 - -
Table 3. Kinetics data
Kinetic model Parameters Values
Pseudo first order model qe (mg/g) 464
Ky 0.0824
R? 0.9109
Pseudo second order model qe (mg/g) 588
K> 1.806x10™
R? 0.9918
Intra particle diffusion model  Kiq 46.611
Ci 167.17
R? 0.9324
Elovich model a (mg/g/min)  169.04
b (g/mg) 8.77x107
R? 0.9566
Table 4. Levels of independent variables
Symbols with codes o -1 0 +1 +a

Amount of adsorbent (g)=A 0.1 0.325 0.55 0.775 1
pH=B 3.7 5.025 635 7.675 9
Sonication time (min)=C 50 75 100 125 150
Dye concentration (mg/L)=D 50 87.5 125 162.5 200

pH Dye Amount of Sonication MG
(mg/L) adsorbent time removal
(g/L) (min) (%)
6.4 125 0.550 100 92
7.7 162 0.325 75 89
5.0 87 0.325 75 64
6.4 125 0.550 100 91
5.0 88 0.325 125 62
7.7 88 0.325 75 96
5.0 163 0.325 75 59
6.4 125 0.100 100 33
5.0 88 0.775 125 59
6.4 200 0.550 100 85
6.4 125 0.550 100 87
3.7 125 0.550 100 48
6.4 50 0.550 100 95
6.4 125 0.550 150 92
6.4 125 0.550 100 38
6.4 125 0.550 100 86
7.7 163 0.775 75 97
5.0 163 0.775 125 76
6.4 125 0.550 100 78
9.0 125 0.550 100 97
7.7 163 0.775 125 95
7.7 88 0.775 75 98
5.0 163 0.325 125 51
7.7 88 0.325 125 93
6.4 125 1.000 100 90
7.7 163 0.325 125 94
7.7 88 0.775 125 97
5.0 163 0.775 75 51
6.4 125 0.550 50 91
5.0 88 0.775 75 52
6.4 125 0.550 100 91
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The significance of independent variables was computed
on the dependent variable by ANOVA. The results are
tabulated in Table 7 and 8. The significance of the model
and the factors was checked at the P-value of 5%.
Furthermore, the P-value of the model was found to be
0.000, showing that the CCD model is significant and
Lack of fit test proved insignificant. In addition,
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Fig. 3. FTIR spectrum.

Fig. 4. SEM images of (a) rGO (b) rGO-MG.
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Correlation values (R*) was encountered to be 88.36%.
The model summary is given in Table 6. The residual
plots are showing the nature of the developed model

(Kifayatullah et al., 2020; Crini and Badot, 2008).
Fig. 1 is representing the residual plots. It is found that
pH is showing the linear and square effect on the
efficiency of adsorption method.

FTIR, SEM and XRD analysis of rGO. The FTIR
spec-trum of rGO is shown in Fig. 3. The vibrational
peaks at 3405/cm correspond to -OH, 1725/cm to-
COOH and 1392-1046/cm are related to other oxides.
However, the intensity of vibration of C-H bond of
—CH,- at 2928 and 2865/cm is higher owing to the
formation of rGO. SEM images of rGO are given in
Fig. 4. It is clear that rGO sheets are layered, wrinkled
and entangled with each other. The Miller indices of
the peak (002) at 26 = 24.160 is showing rGONPs
structure as given in Fig. 5.
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Table 6. Model Summary Mechanism of adsorption. MG molecule bears a
positive charge. The ion is attracted towards the negative

S(Root mean square error) 7.714 T ]

. ; oxygen-containing functional groups present at the
R2 ) 88.36 OA‘ surface of reduced graphene oxide (rGO). The presence
R2 (adj) 78'1704 of unsaturation in adsorbate and adsorbent molecule
R (pred) 4033% generates pi-pi interaction between both molecules.

ource lj ] -Value -Value
Model 14 7225 516.1 8.670 0.000
Linear 4 6209 1552 26.08 0.000
pH 1 6112 6112 102.7 0.000
Dye 1 35.04 35.04 0.590 0.454
Amount of adsorbent 1 40.04 40.04 0.670 0.424
Sonication time 1 22.04 22.04 0.370 0.551
Square 4 782.9 195.73 3.290 0.038
pH*pH 1 747.1 747.16 12.55 0.003
Dye*[Dye] 1 15.52 15.52 0.260 0.617
Amount of adsorbent* Amount of adsorbent 1 74.27 74.27 1.250 0.280
Sonication time*sonication time 1 3.740 3.74 0.060 0.805
2-Way interaction 6 2333 38.90 0.650 0.687
pH*[Dye] 1 5.060 5.06 0.090 0.774
pH*Amount of adsorbent 1 10.56 10.56 0.180 0.679
pH*Sonication time 1 33.06 33.06 0.560 0.467
[Dye]* Amount of adsorbent 1 76.56 76.56 1.290 0.273
[Dye]*Sonication time 1 22.56 22.56 0.380 0.547
Amount of adsorbent*Sonication time 1 85.56 85.56 1.440 0.248
Error 16 952.3 59.52
Lack-of-fit 10 814.5 81.46 3.550 0.067
Pure error 6 137.7 22.95
Total 30 8177

erm ec o€ oe -value -value
Constant 87.57 2.92 30.03 0.000

pH 31.92 15.96 1.57 10.13 0.000 1.00
Dye 242 -1.21 1.57 -0.77 0.454 1.00
Amount of adsorbent 2.58 1.29 1.57 0.82 0.424 1.00
Sonication time 1.92 0.96 1.57 0.61 0.551 1.00
pH*pH -10.22 -5.11 1.44 -3.54 0.003 1.03
[Dye]*[Dye] -1.47 -0.74 1.44 -0.51 0.617 1.03
Amount of adsorbent* Amount of adsorbent -3.22 -1.61 1.44 -1.12 0.280 1.03
Sonication Time*Sonication Time -0.72 -0.36 1.44 -0.25 0.805 1.03
pH*[Dye] -1.13 -0.56 1.93 -0.29 0.774 1.00
pH*Amount of adsorbent 1.62 0.81 1.93 0.42 0.679 1.00
pH*Sonication time -2.87 -1.44 1.93 -0.75 0.467 1.00
[Dye]* Amount of adsorbent 437 2.19 1.93 1.13 0.273 1.00
[Dye]*Sonication time 2.37 1.19 1.93 0.62 0.547 1.00

Amount of adsorbent*Sonication time 4.63 2.31 1.93 1.20 0.248 1.00
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Table 9. The cost analysis

Hajira Tahir et al.

Parameters Approx. Cost

consumption (US$)

(dm?)
Electrical energy 0.153 kWh 0.020
(for ultrasonication)
Sulphuric acid 36 mL 0.0099
Hydrochloric acid (HCI) 4.0 mL 0.0010
Sodium hydroxide (NaOH) 1.0¢g 0.0470
Sodium nitrate (NaNO3) 08g 0.0143
Potassium permanganate 4.8¢ 0.5736 M Electrical energy M Sulphuric acid Hydrochloric acid (HC)
(KMnOy) , , N
Hydrogen peroxide (H,O5) 16 mL 0.0083 Sodium hydroxide (NaOH) Sodium nitrate (NaNOs)
Graphite powder 08¢ 0.0013 Potassium permagnate (KMnOs)
MG dye 0.1g 0.010 Hydrogen peroxide (H202) Graphite powder

Total cost=0.654 USS Fig. 7. Cost distribution.
sorben qm (ng/g eterences

Reduced graphene oxide-hematite(ce-Fe,O3) 438 Liu et al., 2015
ZnO nanoparticles loaded activated carbon 322 Ghaedi et al., 2014
Activated carbon prepared from bamboo 263 Hameed and El-Khaiary, 2008
Graphene oxide 248 Bradder et al., 2010
Reduced graphene oxide-agarose hydrogel 242 Wang et al., 2013
Groundnut shell derived activatedcarbon 222 Malik et al., 2007
Metal-organic framework MIL-100(Fe) 205 Huo and Yan, 2012
Glutamate functionalized sawdust 196 Malik et al., 2007
Graphene oxide-agarose hydrogel 186 Gong et al., 2009
Bentonite 178 Bulut ez al., 2008
Bagasse fly ash 170 Mall et al., 2005
Palm trunk fibre 149 Hameed and El-Khaiary, 2008
Activated carbon (T3K618) 149 Onal et al., 2007
Rice straw-derived char 148 Hameed and El-Khaiary, 2008
Reduced graphene oxide-Fe;O4 54.0 Geng et al., 2012
Fe;04/B-CD/GO 740 Wang et al., 2015
Reduced graphene oxide 612 This work

Hydrogen bonding also promotes the adsorption of the
dye molecule at the surface of the adsorbent as shown
in Fig. 6 (Naderi and Ramezanzadeh, 2020; Lee et al.,
2011).

Comparison of adsorption capacities of adsorbents.
The adsorption capacities of various adsorbents is given
in Table 10. The cost analysis of the process is tabulated
in Table 9 and shown in Fig. 7. It is clear that rGO has
good adsorption capacity for the removal of MG dye
by providing large surface area.

Conclusion

The removal of MG dye onto rGO surface was
investigated in collectivity with the amount of adsorbent,
sonication time, pH and dye concentration. pH showed
a greater effect on the process. The greater turnover of
the adsorption process was encountered at the basic
pH. Langmuir model well illustrated the adsorption
data. The adsorption of the dye was following pseudo
second order rate equation. Furthermore, the thermo-
dynamics study revealed that the nature of the process
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was spontaneous and endothermic. The randomness of
the system was also increased during the process.
Therefore, rGO can be utilized as an adsorbent to remove
MG from simulated and real wastewater.
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